Mulberry leaves have been used as the sole food for silkworms in sericulture, and also as a traditional medicine for diabetes prevention. Mulberry leaf components, for example 1-deoxynojirimycin (1-DNJ), inhibit the activity of -glucosidase and prevent increased blood glucose levels, and they are highly toxic to caterpillars other than silkworms. The -glucosidase inhibitory activity of mulberry leaves changes with the season, but it is unknown which environmental conditions influence the -glucosidase inhibitory activity. We investigated in this study the relationship between the -glucosidase inhibitory activity and environmental conditions of temperature and photoperiod. The results demonstrate that low temperatures induced decreasing -glucosidase inhibitory activity, while the induction of newly grown shoots by the scission of branches induced increasing -glucosidase inhibitory activity. These results suggest that the -glucosidase inhibitory activity was related to the defense mechanism of mulberry plants against insect herbivores.
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Key words: -glucosidase inhibitor; 1-deoxynojirimycine; mulberry; resistance to insect herbivore Mulberry leaves have been historically used as feed for silkworms and consumed as a beverage or health food by humans. Mulberry leaf components inhibit the activity of a kind of digestive enzyme for sugar absorption, -glucosidase, and promote slow absorption of glucose into the blood vessels. [1] [2] [3] The most important substance in mulberry leaves, 1-deoxynojirimycin (1-DNJ), is known to be a strong intestinal -glucosidase inhibitor. Mulberry leaves contain 1-DNJ, 4) so that mulberry leaf products have been commercialized as health foods.
In contrast, mulberry leaves are highly toxic to caterpillars other than the silkworm, Bombyx mori, because they contain 1-DNJ and other -glucosidase inhibitors that affect common insects. 5, 6) The silkworm has evolved adaptive enzymes to circumvent the toxic effects of -glucosidase inhibitors and made it able to feed on mulberry leaves. 6, 7) 1-DNJ and the -glucosidase inhibitor from mulberry leaves are therefore used to both improve the symptoms of diabetes mellitus, and to avoid caterpillars by inhibiting growth.
Mulberry plants are distributed throughout the world, the number of mulberry cultivars in Japan alone being over 1,000. These cultivars match the climatic characteristics in various areas. The typical cultivars of mulberry plants are maintained and administered in Japan at the National Institute of Agrobiological Sciences (Tsukuba, Ibaraki, Japan) and the Experimental Farm of Textile Science and Technology of Shinshu University (Ueda, Nagano, Japan). It has been reported that the -glucosidase inhibitory activity and 1-DNJ concentration of mulberry leaves differ among various cultivars and seasons, [8] [9] [10] [11] but it is unknown which environmental conditions influence the -glucosidase inhibitory activity. We therefore investigated in this study the relationship between the environmental conditions and -glucosidase inhibitory activity.
Materials and Methods
Chemicals. Standard 1-DNJ, acetonitrile, ethanol and ammonium acetate were purchased from Wako Pure Chemicals (Osaka, Japan).
Plant materials. The mulberry cultivars used in this study were Akameyanagida (Morus bombycis Koidz.), Ichinose (Morus alba L.), Fukkouguwa (Morus latifolia Poir) and Harng Plalod (Morus rotunbiloba Koidz.). The largest glossy leaves from the top of branches of the Akameyanagida, Ichinose and Fukkouguwa cultivars were harvested twice a week between May 19 and October 19, 2009 from an outdoor field at the Experimental Farm of Textile Science and Technology of Shinshu University (Ueda, Nagano, Japan). The ''largest glossy leaves'' means fully expanded young leaves which are usually used as a starting food for newly hatched silkworm larvae, because they are both sufficiently tender and also contain some nutritive factors. Scission was conducted by cutting all branches at a height of 60-90 cm from the ground at the end of June. The largest glossy leaves from the top of branches of Harng Plalod were harvested on June 9, July 13, August 7, September 11 and October 2, 2009 from a greenhouse and the outdoor field. The cultivation conditions in the greenhouse were similar to the natural conditions, except for the temperature. A window was opened in the greenhouse whenever the temperature was high to maintain a nearly ambient temperature, while a heater was used whenever the temperature was low to maintain 25 C with a thermostat. Only natural light was used for illumination in the greenhouse. Branches of approximately 50 cm in length from Akameyanagida, Ichinose and Fukkouguwa were collected on May 19, August 25, September 24 and October 13, 2010 from the outdoor field, and the mulberry leaves were collected from these branches.
Preparation of the sample solution. The samples were prepared from one plant of each cultivar. The leaves were dried in hot air or at room temperature, crushed into powder, and then stored in a desiccator until needed. Fifty mg of mulberry leaf powder was extracted with 1.0 mL of 70% methanol in a microtube. After sonicating for 15 min, the mixture was centrifuged at 15;000 g for 10 min. The supernatant was passed through a PTFE filter (0.45 mm pore size).
Measurement of the -glucosidase inhibitory activity. We measured the inhibitory potency of sucrose degradation as the -glucosidase inhibitory activity. Fifty mL of a diluted sample solution was mixed with 500 mL of 1.0% sucrose containing an M/7.5 phosphate buffer solution (pH 7.0) and 500 mL of H 2 O, and the mixture was preincubated for 10 min at 30 C. The reaction was started by adding 50 mL of -glucosidase from yeast (25 U/mL; Wako Pure Chemicals, Osaka, Japan) to the reaction mixture, and this mixture was incubated for 10 min at 30 C. The glucose released in the reaction mixture was determined by a Glucose C-II test kit (Wako Pure Chemicals, Osaka, Japan). Each sample solution was diluted to 1/2 (Akameyanagida), 1/5 (Ichinose) and 1/50 (Fukkouguwa and Harng Plalod).
Quantification of 1-DNJ from mulberry leaves. Mulberry 1-DNJ was determined by HILIC-MS as previously reported by Nakagawa et al. 12) with some modifications. The HILIC-MS system consisted of an LC-10AD pump (Shimadzu, Kyoto, Japan), DGU-14AM degasser, CTO-10A column oven, SIL-10AD auto injector, and an LCMS-2010 electrospray ionization mass spectrometer (ESI-MS). A TSK gel Amide-80 column (2:0 mm Â 150 mm; Tosoh, Tokyo, Japan) was used, with a mobile phase of a mixture of acetonitrile and 6.5 mmol/L of ammonium acetate at pH 5.5 (72:28, v/v). The flow rate was adjusted to 0.2 mL/min, and the column temperature was maintained at 40 C. ESI-MS was carried out in the positive ion measurement mode. The mass spectrum of 1-DNJ was detected at a retention time of 9.2 min via single-ion monitoring (SIM) at m=z 164.0 ½M þ H þ .
Results

Alpha-glucosidase inhibitory activities from different seasons
The -glucosidase inhibitory activity of mulberry leaves varied according to the environmental conditions. To identify the factors that regulated the -glucosidase inhibitory activity, we measured this activity in the Akameyanagida, Ichinose and Fukkouguwa cultivar samples from different seasons. The -glucosidase inhibitory activity of the largest glossy leaves on the shoot that had not been subjected to scission increased from May to August, and decreased from August to October in the three cultivars (Fig. 1A) . These results are similar to effects of temperature change (Fig. 1B) . Furthermore, the -glucosidase inhibitory activities of the three cultivars subjected to scission were increased more than those without scission. This result indicates that new branch growth increased the -glucosidase inhibitory activity.
Influence of the photoperiod
Although the foregoing result suggests that theglucosidase inhibitory activity was mostly controlled by the surrounding temperature, the influence of the photoperiod needed to be evaluated. We therefore measured the difference in -glucosidase inhibitory activity of the Harng Plalod cultivar between greenhouse cultivation at a constant temperature and outdoor cultivation at varying temperature (Fig. 2) . Greenhouse cultivation of Harng Plalod maintained consistently high -glucosidase inhibitory activity. However, with outdoor cultivation, the -glucosidase inhibitory activity of Harng Plalod decreased from August to October, similar to the Fukkouguwa cultivar. This result indicates that the -glucosidase inhibitory activity was influenced by a low temperature.
Relationship between the -glucosidase inhibitory activity and 1-DNJ amount
We next measured the amount of 1-DNJ from the three cultivars (Akameyanagida, Ichinose and Fukkouguwa) which showed different -glucosidase inhibitory activities (Fig. 3) . The -glucosidase inhibitory activity of Fukkouguwa was the highest among them when the three cultivar extracts were diluted at the same ratio. In contrast, the 1-DNJ amount of Ichinose was the highest among them. These results indicate that the -glucosidase inhibitory activity was not consistent solely with the 1-DNJ amount, being dependent on the amount of other materials besides 1-DNJ.
Discussion
We have shown in this study that the -glucosidase inhibitory activity was regulated by low temperature. Moreover, the induction of newly grown shoots by scission of the branches induced a significant rise in the -glucosidase inhibitory activity. These results suggest that the -glucosidase inhibitory activity was related to the defense mechanism of mulberry plants against insect herbivores. One of the roles of the -glucosidase inhibitor in plants is defense against insect herbivores. 5, 6) It is reasonable for the -glucosidase inhibitory activity to be increased in young leaves during the summer, because the high-temperature season has high insect activity, and young leaves are a very soft part that insects preferentially eat. Furthermore, it is thought that several cultivars have utilized -glucosidase inhibitors besides 1-DNJ, such as 1,4-dideoxy-1,4-imino-D-arabonitol (D-AB1) and 1,4-dideoxy-1,4-imino-D-ribitol, 3, 5) for effective defense by mulberry plants against insect herbivores.
Previous studies have reported the comparativeglucosidase inhibitory activities and 1-DNJ concentrations from various cultivars in different harvest seasons. [8] [9] [10] [11] Yatsunami et al. have reported the relationship between the -glucosidase inhibitory activity and 1-DNJ concentration from a group of species, 10) but not enough is known about -glucosidase inhibitors other than 1-DNJ from each cultivar. Since the -glucosidase inhibitory activity was not consistent with the 1-DNJ concentration in several cultivars, it is thought that -glucosidase inhibitors besides 1-DNJ were involved in the effective defense by mulberry plants against insect herbivores.
Although we investigated in this study how low temperatures induced a decrease in the -glucosidase inhibitory activity, we need to look more carefully into the relationship between the photoperiod and -glucosidase inhibitory activity. Examining low temperatures throughout the day would clarify the influence of photoperiod. Despite this, the -glucosidase inhibitory activity was regulated by environmental conditions to protect against insect herbivores. Further research on a variety of -glucosidase inhibitors would clarify acquisition of the defense mechanism in mulberry plants against insect herbivores. Transition of Mulberry -Glucosidase Inhibitory Activity
